Alanyl-tRNA synthetase (AlaRS) specifically recognizes the major identity determinant, the G3:U70 base pair, in the acceptor stem of tRNA Ala by both the tRNA-recognition and editing domains. In this study, we solved the crystal structures of 2 halves of Archaeoglobus fulgidus AlaRS: AlaRS-⌬C, comprising the aminoacylation, tRNA-recognition, and editing domains, and AlaRS-C, comprising the dimerization domain. The aminoacylation/tRNA-recognition domains contain an insertion incompatible with the class-specific tRNA-binding mode. The editing domain is fixed tightly via hydrophobic interactions to the aminoacylation/tRNA-recognition domains, on the side opposite from that in threonyl-tRNA synthetase. A groove formed between the aminoacylation/tRNA-recognition domains and the editing domain appears to be an alternative tRNA-binding site, which might be used for the aminoacylation and/or editing reactions. Actually, the amino acid residues required for the G3:U70 recognition are mapped in this groove. The dimerization domain consists of helical and globular subdomains. The helical subdomain mediates dimerization by forming a helixloop-helix zipper. The globular subdomain, which is important for the aminoacylation and editing activities, has a positively-charged face suitable for tRNA binding.
A minoacyl-tRNA synthetases (aaRSs) catalyze the ligation of cognate amino acids and tRNAs, and thus establish the genetic code in protein biosynthesis. They are modular proteins composed of an aminoacylation domain and a few additional domains for discrete functions, such as tRNA binding, oligomerization, and amino acid proofreading (1, 2) . The 20 aaRSs are divided into 2 classes, I and II, based on the 2 unrelated types of aminoacylation domains (3, 4) . The aminoacylation reaction occurs at the catalytic site on the aminoacylation domain, and the reaction generally consists of 2 steps: the initial activation of the amino acid with ATP to generate the aminoacyl-adenylate, followed by the transfer of the aminoacyl moiety to the 3Ј end of the tRNA. Although the aminoacylation is generally accurate, several aaRSs cannot completely avoid the misactivation of a noncognate amino acid, when it is similar to the cognate one. To solve this problem, these aaRSs use a proofreading mechanism, in which the incorrect products are hydrolyzed at the active site in the editing domain.
Alanyl-tRNA synthetase (AlaRS) is one of the class II aaRSs and consists of 4 domains: the N-terminal class II aminoacylation domain, the tRNA-recognition domain, the editing domain, and the C-terminal oligomerization (dimerization or tetramerization) domain (Fig. 1A) (1, 2) . AlaRS occupies a special position in the history of aaRS research. Escherichia coli AlaRS was among the first aaRSs that were cloned, sequenced, and characterized genetically and biochemically (1, 5, 6) . tRNA Ala conserves a unique G3:U70 wobble base pair in the acceptor stem, and this base pair dictates the tRNA identity toward AlaRS (7, 8) . This remarkable finding, that a small number of nucleotide residues serve as the predominant determinant for the tRNA identity, accelerated the search for the identity determinants of other aaRS-tRNA pairs. It was also striking that the predominant identity determinant of a tRNA exists in the acceptor-stem duplex, rather than the anticodon and the discriminator base (9, 10) . Actually, AlaRS can aminoacylate small, isolated portions of tRNA, such as a ''minihelix'' and a ''microhelix,'' as long as they have the G3:U70 base pair (11) . The G3:U70 base pair is considered to be recognized from the minor groove side (12, 13) .
An E. coli AlaRS fragment comprising the aminoacylation and tRNA-recognition domains (the N-terminal 461 residues) can specifically aminoacylate tRNA Ala (1) . The crystal structure of the corresponding fragment (AlaRS-N) from the bacterium Aquifex aeolicus was reported (14, 15) . It revealed that AlaRS does not dimerize through the aminoacylation domain, in contrast to the other class II aaRSs. The structures of amino acidand ATP-bound AlaRS-N revealed how the cognate alanine and the noncognate glycine and serine interact with the aminoacylation site. AlaRS is one of the aaRSs that use the proofreading mechanism, in that mischarged products, such as Gly-tRNA Ala and Ser-tRNA Ala , are transferred to the editing domain, where the ester bond is hydrolyzed (2) . A defect in the AlaRS editing activity causes cell death in the mouse nervous system (16) . It was recently reported that the E. coli AlaRS editing domain possesses a region, distinct from the N-terminal domains, that recognizes the G3:U70 base pair (17) . Therefore, AlaRS may transfer the acceptor stem of tRNA Ala from the first binding site in the aminoacylation domain to the second site in the editing domain, in contrast to the other editing aaRSs (classes I and II), which have been proposed to shuttle the flexible single-stranded CCA terminus of the tRNA between the aminoacylation and editing catalytic sites (18) (19) (20) (21) (22) . The C-terminal domain of AlaRS is not only essential for the oligomerization, but also important for the aminoacylation and editing reactions (17, 23) . Small proteins homologous to the AlaRS editing domain, designated AlaX, are found in many organisms (24, 25) . They are active in the trans hydrolysis of misacylated tRNA Ala in vitro (24) . The crystal structures of AlaX-S (specific to Ser-tRNA Ala ) and AlaX-M (specific to Ser-tRNA Ala and Gly-tRNA Ala ) from the archaeon Pyrococcus horikoshii have been reported (26, 27) .
The structures of the editing and oligomerization domains, the basis of oligomerization, and the domain arrangement in the full-length AlaRS have remained elusive. We previously succeeded in the crystallization of 2 fragments of AlaRS from the archaeon Archaeoglobus fulgidus, AlaRS-⌬C, comprising the aminoacylation, tRNA-recognition, and editing domains, and AlaRS-C, comprising the dimerization domain (23) . In the present study, we determined their crystal structures at 2.2-and 3.2-Å resolutions, respectively. The AlaRS-⌬C structure revealed a unique arrangement of the editing domain, relative to the aminoacylation/tRNA-recognition domains, and the archaea-specific insertions/deletions. The AlaRS-C structure provided the basis of dimerization, via the formation of a helixloop-helix zipper (HLHZ). The structures suggested the domain organization in the full-length AlaRS dimer, and thus could serve as a platform for future analyses of how the aminoacylation/tRNA-recognition domains and the editing domain of AlaRS independently recognize the G3:U70 base pair of tRNA Ala .
Results
Structure Determination. A. fulgidus AlaRS is a homodimer of 906 amino acid residue polypeptides (23) . It was genetically divided into 2 parts, AlaRS-⌬C (residues 1-739) and AlaRS-C (residues 736-906) (23) , and both structures were solved (Table S1 ). AlaRS-⌬C is composed of the class-II specific aminoacylation domain, the tRNA-recognition domain, and the editing domain. The structure of AlaRS-⌬C complexed with an alanyl-adenylate analog, 5Ј-O-[N-(L-alanyl)sulfamoyl] adenosine (Ala-SA), was determined at 2.2 Å (Fig. 1B) . The crystallographic asymmetric unit contained 1 AlaRS-⌬C molecule. The refined model has R and R free factors of 21.5% and 26.4%, respectively. AlaRS-C comprises the dimerization domain, and its structure was determined at 3.2 Å (Fig. 1C) . Two AlaRS-C molecules form a homodimer, and there are 4 dimers in the asymmetric unit. The refinement converged to R and R free factors of 20.5% and 27.6%, respectively (Table S1 ).
The Aminoacylation Domain. The A. fulgidus AlaRS-⌬C structure revealed the aminoacylation domain (residues 1-257), composed of a central antiparallel ␤-sheet (␤1-␤8 and ␤10) and 5 ␣-helices (␣1-␣5), which is typical of the class-II aaRSs. It is superposable on that of A. aeolicus AlaRS-N, with an rmsd of 1.9 Å for 179 C␣ atoms. A. fulgidus AlaRS possesses an archaea-specific N-terminal extension (AddA1, residues 1-58), including ␣1, ␣2, ␤1, and ␤2 ( Fig. 2 and Fig. S1 A) . ␤1 and ␤2 are integrated in the central ␤-sheet, and thus AddA1 is part of the aminoacylation domain. Although the bacterial and eukaryal AlaRSs lack AddA1, they instead possess 2 insertions (depicted as InsB/E1 and InsB/E2 in A. aeolicus AlaRS), which occupy the corresponding space. A. fulgidus AlaRS also contains an insertion (InsA1, residues 226-232) including ␤9 ( Fig. 2 and Fig. S1 A) . Lys-229, at the tip of InsA1, seems to occupy the position of Lys-73 in the E. coli enzyme, which cross-links to tRNA Ala (28) .
A clear electron density corresponding to Ala-SA is visible in the active-site cleft ( Fig. 1B and Fig. S2 ). The manner of interaction with Ala-SA in the aminoacylation active site is described in SI Text.
The tRNA-Recognition Domain. The ␣-helix-rich middle domain of AlaRS-⌬C (residues 258-484), which is supposed to interact with the tRNA acceptor arm, is composed of 11 ␣-helices and a 2-stranded short parallel ␤ sheet ( Mid1 (residues 258-419) and Mid2 (residues 420-484). These subdomain structures in A. fulgidus AlaRS are similar to their counterparts in A. aeolicus AlaRS (14), as revealed by the rmsds of 2.4 and 2.3 Å, respectively. Mid1 tightly contacts the aminoacylation domain by hydrophobic interactions, whereas Mid2 protrudes from the rest of the protein body. The ␣-helix (␣13) connecting Mid1 and Mid2 is continuous, whereas the corresponding helix is distorted in the middle in A. aeolicus AlaRS-N. Thus, Mid2 in A. fulgidus AlaRS-⌬C is oriented outward by Ϸ20°, compared with that of A. aeolicus AlaRS-N (Fig. S3) . It is further tilted by Ϸ50°, because the last ␣-helix of Mid2 is connected to the editing domain by the linker. In the beginning of the subdomain, the Mid1, archaeal AlaRSs possess an insertion of Ϸ50 amino acid residues, which is missing in the bacterial AlaRSs. In the A. fulgidus AlaRS-⌬C structure, this insertion (InsA2, residues 277-330) assumes a helix-loop-helix structure (␣8-␣9) and is bent back to form part of the active-site cleft. The presence of this insertion seems to be incompatible with the tRNA interaction manner proposed previously for the bacterial AlaRS (14), as discussed below.
The Editing Domain. The editing domain of A. fulgidus AlaRS (residues 501-737) consists of 2 subdomains, the N-terminal ␤-barrel subdomain (residues 501-588) and the C-terminal ␣/␤ subdomain (the editing core, residues 589-737), composed of 2 central ␣-helices (␣17 and ␣18, residues 590-614 and 642-657, respectively) sandwiched by 3-and 4-stranded antiparallel ␤-sheets ( A cavity is formed at the subdomain interface. At the bottom, His-600, His-604, His-707, and Cys-703 coordinate a metal ion, which is supposed to be the editing active center (Fig. S4 A) . The tetrahedral coordination and the intense anomalous peak observed at the metal site suggested that the metal is a zinc, as in the case of the AlaX proteins. Thr-603, Gln-620, Gln-682, and Gln-701 constitute the cavity wall. His-600, Thr-603, His-604, Gln-620, His-707, and Cys-703 are conserved among the AlaRSs. Glu/Gln occupies the position corresponding to Gln-701. Gln-620, Gln-682, and Gln-701 correspond to Thr-30, Asp-92, and Asp-114, respectively, in P. horikoshii AlaX-S, which are involved in interactions with serine ( Fig. S4B) (27) . In AlaX-S, Thr-33 is also involved in the serine interaction, but AlaRS lacks the corresponding residue. The conserved Thr-603 in AlaRS could structurally compensate for the absence of this residue. The glycine-rich loop of the ␤-barrel subdomain resides at the entrance of the cavity and might interact with 3Ј end of the tRNA.
Position of the Editing Domain. The editing domain of A. fulgidus
AlaRS is connected to the last ␣-helix of the tRNA-recognition domain by a 38-Å-long loop, consisting of 16 amino acid residues (residues 485-500). The editing domain contacts the aminoacylation domain to form a hydrophobic core (Fig. 3B) . Ile-670, Tyr-681, Phe-678, and Val-685, from a helix-loop structure (residues 669 -689) in the editing domain, interact with Tyr-84 in motif 1 (residues 61-88), Trp-90, Phe-107, and Val-112 of the aminoacylation domain. Arg-89, Trp-619, and Arg-679 are stacked. The editing domain also contacts Mid1 of the tRNA-recognition domain (Fig. 3C) . His-617, Thr-635, and Phe-637 in the editing domain and Val-356, Val-403, Thr-407, Ile-411, and Leu-414 in Mid1 form a hydrophobic core. Asn-616, Arg-638, and Asp-727 in the editing domain interact with Asp-402, Glu-410, and Arg-367, respectively, in Mid1.
It is remarkable that the position of the editing domain relative to the aminoacylation domain differs from those in other class II aaRSs with reported structures. For example, compared with E. coli threonyl-tRNA synthetase (ThrRS) (20) , the editing domain resides on the opposite side of the aminoacylation domain in AlaRS-⌬C (Fig. 3A) . The aminoacylation active site is Ϸ37 Å away from the editing active site in A. fulgidus AlaRS, which is comparable with the Ϸ39 Å distance in ThrRS (20, 29) . We previously obtained a 3.7-Å dataset from an AlaRS-⌬C crystal belonging to a different space group (23) . The structure was solved by molecular replacement, using the present AlaRS-⌬C structure. The position of the editing domain relative to the aminoacylation domain and their interface are the same.
In most cases, the dimerization of class II aaRSs is mediated through motif 1 (30, 31) . Nevertheless, A. aeolicus AlaRS-N reportedly does not form a dimer, because the tRNArecognition domain hinders dimerization through motif 1 (14) . Consistent with this finding, A. fulgidus AlaRS-⌬C motif 1 does not mediate dimerization, but interacts with the helix-loop structure (residues 668-688) in the editing domain to form an interdomain interface. It is interesting to note that AlaX-M, which lacks the helix-loop structure, exists as a monomer in solution (26) . In contrast, the helix-loop mediates the homodimerization of AlaX-S (27).
The C-Terminal Dimerization Domain. A. fulgidus AlaRS forms a dimer through an interaction between the C-terminal dimerization domains of the 2 molecules (23). AlaRS-⌬C, lacking the dimerization domain, exists as a monomer in solution (23) . We first determined the structure of the isolated dimerization domain of A. fulgidus AlaRS, AlaRS-C (Fig. 1C) . The structure revealed that the dimerization domain consists of a long helical subdomain and a globular subdomain. The helical subdomain contains 2 ␣-helices of 32 and 53 Å and a linker in between. This subdomain exclusively mediates the dimer interaction to form a characteristic HLHZ (Fig. 4A and The linker mediates the formation of the hydrophobic core at the ␣20-␣21 junction, where the coiled-coil is twisted (Fig. 4A) . Similar HLHZ structures are also present in several transcriptional regulators, such as the Myc protooncogene product and its relatives (32) . The C-terminal globular subdomain is composed of a 6-stranded antiparallel ␤-sheet and 3 ␣-helices (Fig. 4B and Fig.  S1B ). This subdomain tightly packs against ␣21 of the HLHZ to form a hydrophobic core. Trp-794, Leu-798, and Met-799, in ␣21, and Val-811, Val-815, Leu-829, Leu-838, and Phe-851, in the globular subdomain, are involved in the hydrophobic interactions. One surface of the globular subdomain is positively charged, by the contributions of Lys-855, Arg-859, Arg-863, Arg-867, Lys-870, Arg-876, and Lys-877. It is interesting that the conserved glycine-rich segment ( 870 KGSGGGR 876 ) forms a ␤-strand that is part of the ␤-sheet (Fig. 4B) . A structural similarity search using the DALI server (33) revealed that the globular subdomain is similar to that of the ssDNA 5Ј-3Ј exonuclease RecJ (34) and exopolyphosphatase (35) , with high Z scores of 11.5 and 9.1, respectively. Discussion tRNA Interactions. In the crystal structures of tRNA-bound class-II aaRSs, including ThrRS, seryl-tRNA synthetase, and aspartyl-tRNA synthetase, the amino acid acceptor arm of the tRNA binds to a common site on the class II aminoacylation domain (20, 36, 37) . The binding site corresponds to the groove formed between Mid1 and Mid2 in the tRNA-recognition domain of A. fulgidus AlaRS. However, if the tRNA acceptor arm binds to the groove of A. fulgidus AlaRS via the common mode (mode 1), then the nucleotides at positions 1-5 and 68-73 have a serious steric clash with the archaea-specific insertion of a helix-loop-helix (InsA2) within the groove (Fig. 5) . To avoid the putative clash, a drastic conformational change should occur. Because InsA2 interacts with ␣7 and ␣10 to form a hydrophobic core, the reorientation of InsA2 seems to be unlikely. When the tRNA relocates to the other tRNA-binding site for editing, it . The second tRNA model, bound to an alternative tRNA-binding site, is also depicted as a blue surface model (mode 2). The A76 residues in the first and second models are highlighted in yellow and blue, respectively. Amino acid residues important for the aminoacylation or editing activity (17, 28, 38, 39, 45, 46) are shown as stick models. Ala-SA in the aminoacylation site and the editing-site zinc ion are depicted as cpk models. A stereo version of this figure is presented as Fig. S6 .
should dissociate to move over the protuberant Mid2 subdomain and then rebind. However, an alternative mode (mode 2) is that the tRNA acceptor stem binds to a groove formed between the Mid2 subdomain and the editing domain (''alternative groove'') of A. fulgidus AlaRS (Fig. 5) . In the present structure, the linker connecting Mid2 and the editing domain is located in the alternative groove, but the linker appears to be quite flexible and to change its conformation upon tRNA binding. The alternative groove has entrances to both the aminoacylation and editing active sites, which would facilitate tRNA relocation between them. Consequently, the alternative mode 2 is more likely than the common mode 1 for A. fulgidus AlaRS. For the bacterial AlaRS from A. aeolicus, the tRNA was docked in mode 1 (14) . Because A.aeolicus AlaRS lacks the archaea-specific insertion (InsA2), tRNA binding is not hindered. In addition, the acceptor stem could be proximal to Asp-398, corresponding to Ala-409 in E. coli AlaRS, which is thought to be indirectly involved in the G3⅐U70 interaction (38) . The aminoacylation and tRNArecognition domains of A.aeolicus AlaRS were successfully separated from the editing domain for crystallography (14) , whereas the corresponding aminoacylation/tRNA-recognition fragment and the editing domain fragment of E. coli AlaRS were both prepared for functional studies (17, 38) . In contrast, in the case of the archaeal AlaRS from A. fulgidus, it was difficult to prepare the corresponding fragments, probably because of the hydrophobic interaction between the aminoacylation/tRNA-recognition domains and the editing domain (Fig. 3) . Therefore, the bacterial AlaRSs might have the editing domain in a different location from that in the archaeal AlaRS, relative to the aminoacylation/tRNA-recognition domains, thus allowing the tRNA to shift easily between the 2 active sites. In E. coli AlaRS, the aminoacylation/tRNA-recognition domains and the editing domain are both able to recognize the G3⅐U70 base pair in the tRNA acceptor stem (17) , involving Arg-314 on the tRNArecognition domain and Arg-693 on the editing domain of E. coli AlaRS (17, 39) . Intriguingly, in the present A. fulgidus AlaRS structure, Arg-371 (Mid1) and Arg-731, which correspond to the G3⅐U70 recognition residues Arg-314 and Arg-693, respectively, are close to the putative tRNA binding site in the alternative groove (Fig. 5, mode 2) . The tRNA-recognition domain including Arg-371 resides on the minor groove side of the acceptor stem, and this binding mode (mode 2) is more preferable for the minor groove recognition of the G3⅐U70 base pair than mode 1 (12, 13) . Therefore, we cannot exclude the possibility that the bacterial AlaRSs have a similar domain arrangement to that of A. fulgidus AlaRS, and bind tRNA via mode 2. However, the editing domain could interact with the G3⅐U70 base pair in the major groove (Fig. 5) . Arg-371 and Arg-731 are too far from each other to simultaneously interact with the G3⅐U70 base pair. Our model in mode 2 is compatible with the fact that E. coli AlaRS aminoacylates the 3Ј-OH of A76 (40) .
The C-terminal dimerization domain of A. fulgidus AlaRS is also crucial for the tRNA interaction, because the deletion of the domain dramatically reduces the aminoacylation activity (23) . The A. fulgidus AlaRS-C structure reveals that the globular subdomain of the dimerization domain possesses a positivelycharged face, including the conserved Gly-rich segment (Fig.  4B) . The globular subdomain, therefore, is a candidate for the tRNA-binding site, to support aminoacylation reactions. For E. coli AlaRS, the region of residues 808-875 is a nonspecific tRNA-binding site (17) , which includes the Gly-rich segment.
The Full-Length AlaRS Structure. The present structures of AlaRS-⌬C and AlaRS-C provide clues to infer the full-length AlaRS structure. The distance between the N termini in the AlaRS-C dimer is only 14 Å, which could restrict the positions of the other domains. Because the editing domain C terminus is connected to the dimerization domain N terminus, the 2 editing domains in the dimer should be close to each other, whereas the aminoacylation and tRNA-recognition domains would be distant from the 2-fold axis. In the AlaRS-⌬C crystal structure, the editing domain interacts back-to-back with that of the symmetryrelated molecule correlated by the crystallographic 2-fold axis. Met-650, Ile-656, Leu-657, and Met-716 mediate the interaction, and the buried surface area is Ϸ400 Å 2 . In the crystal lattice, the distance between the editing-domain C-termini is Ϸ19 Å, which allows their connection to the dimerization-domain N termini without a large conformation change. Overall, the full-length AlaRS dimer is likely to assume a butterfly-like structure (Fig.  6 ). Although this model still requires validation, it could serve as a platform for future analyses. Structure Determination and Refinement. The structure of AlaRS-⌬C was solved by the single-wavelength anomalous dispersion method. The Se-site and initial phase determinations and solvent flattening were performed with the AutoSHARP program (41) . All 15 of the Se sites were identified. Density modification and initial model building using the RESOLVE program placed 51% of the amino acid residues, and the remaining residues were built manually with the COOT program (42, 43 ). Structure refinement was carried out with the CNS program (44) . A randomly-chosen 5% of the data were set aside for cross-validation. The refinement included several rounds of simulated-annealing, positional, and individual B factor refinements. The refinement converged to final R and R free factors of 21.5% and 26.4%, respectively (Table  S1 ). In the Ramachandran plot, 87.4%, 11.9%, and 0.6% of the residues fell in the most favored, additional allowed, and generously allowed regions, respectively. No residues were in the disallowed region.
Materials and Methods

Protein
The structure of AlaRS-C was solved by the SAD method with the AutoSHARP program (41) . Of the 56 Se sites, 48 were identified. Model building was performed manually by using the COOT program (42) . Refinement was done with the CNS program, and the R and R free factors for the final model are 20.5% and 27.6%, respectively (Table S1 ). In the Ramachandran plot, 88.5%, 11.2% and 0.2% of the residues fell in the most favored, additional allowed, and generously allowed regions, respectively. No residues were in the disallowed region.
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